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Abstract
Purpose Dogs are often used as an animal model in
spinal research, but consideration should be given to the
breed used as chondrodystrophic (CD) dog breeds always
develop IVD degeneration at an early age, whereas non-
chondrodystrophic (NCD) dog breeds may develop IVD
degeneration, but only later in life. The aim of this study
was to provide a mechanical characterization of the NCD
[non-degenerated intervertebral discs (IVDs), rich in
notochordal cells] and CD (degenerated IVDs, rich in
chondrocyte-like cells) canine spine before and after de-
compressive surgery (nucleotomy).
Methods The biomechanical properties of multisegment-
ed lumbar spine specimens (T13–L5 and L5–Cd1) from
2-year-old NCD dogs (healthy) and CD dogs (early
degeneration) were investigated in flexion/extension (FE),
lateral bending (LB), and axial rotation (AR), in the native
state and after nucleotomy of L2–L3 or dorsal laminectomy
and nucleotomy of L7–S1. The range of motion (ROM),
neutral zone (NZ), and NZ stiffness (NZS) of L1–L2, L2–
L3, L6–L7, and L7–S1 were calculated.
Results In native spines in both dog groups, the greatest
mobility in FE was found at L7–S1, and the greatest
mobility in LB at L2–L3. Surgery significantly increased
the ROM and NZ, and significantly decreased the NZS in
FE, LB, and AR in both breed groups. However, surgery at
L2–L3 resulted in a significantly larger increase in NZ and
decrease in NZS in the CD spines compared with the NCD
spines, whereas surgery at L7–S1 induced a significantly
larger increase in ROM and decrease in NZS in the NCD
spines compared with the CD spines.
Conclusions Spinal biomechanics significantly differ
between NCD and CD dogs and researchers should consider
this aspect when using the dog as a model for spinal research.
Keywords Biomechanics  Lumbar spine  Intervertebral
disc degeneration  Canine model  Nucleotomy
Introduction
Low back pain is a common ailment with a considerable
socioeconomic impact [1, 2]. A major cause of low back
pain is degeneration of the intervertebral disc (IVD) [3, 4].
IVD degeneration is also an important cause of back
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problems in dogs, and the underlying processes show many
similarities in dogs and humans [5]. For these reasons, dogs
are often used to study spinal biomechanics and strategies to
reverse or ameliorate IVD degeneration [6, 7]. However, it
should be borne in mind that various dog breeds are not
uniformly susceptible to developing IVD degeneration. With
regard to IVD degeneration, dogs can be divided into chon-
drodystrophic (CD) (e.g., Beagle) and non-chondrody-
strophic (NCD) dog breeds (e.g., mongrel dog). The CD dogs
are characterized by abnormal growth of the long bones due
to a genetic disorder, resulting in short limbs relative to the
length of the spine, whereas the NCD dogs exhibit a normal
growth of the long bones. CD dogs develop IVD degeneration
at about 1 year of age. In contrast, in NCD dogs, signs of IVD
degeneration are generally seen later in life, at 6–8 years of
age [8]. Moreover, significant differences in the cell popu-
lation (NCD: rich in notochordal cells; CD: rich in chon-
drocyte-like cells), matrix composition, and morphology of
the nucleus pulposus (NP) can be seen at an early age in the
two types of dog [8–10].
The aim of surgery for IVD degeneration-related dis-
eases is to relieve the compression of neural structures and
may consist of removal of the NP (nucleotomy) alone or
combined with partial removal of the vertebral roof (lam-
inectomy) [11]. Decompressive surgery results in spinal
instability in humans [12]; however, the effects of de-
compressive surgery in either NCD or CD dogs separately
have not been investigated. A biomechanical investigation
of the NCD and CD multisegmented spine before and after
decompressive surgery may provide insight into the effects
of IVD degeneration and surgical interventions on spinal
biomechanics. This knowledge should be taken into
account when using the dog as a model in future spinal
research.
Materials and methods
Eighteen T13–L7–Sacrum–Cd1 spinal specimens were
isolated from nine healthy, female mongrel dogs (NCD:
mean weight 17.4 kg, range 16.1–20.4 kg) and nine heal-
thy, female Beagle dogs (CD: mean weight 14.3 kg, range
13.0–17.2 kg). All dogs were euthanized at approximately
2 years of age in unrelated experiments approved by the
Ethics Committee on Animal Experimentation of Utrecht
University. During their life, the dogs had a normal level of
activity. Dorsoventral and lateral radiographs were taken to
exclude spinal pathology other than IVD degeneration.
Specimen preparation and testing
Specimens were prepared and tested as described previ-
ously [13]. Immediately after euthanasia, the spinal
specimens were harvested. The pelvis was removed and
each specimen was sawn in the transverse plane halfway
through the L5 vertebra, creating nine T13–L5 and nine
L5–Cd1 specimens (note that the canine spine has 13
thoracic and 7 lumbar vertebrae) for both the NCD and CD
dog group. The specimens were stored at -20 C and prior
to biomechanical testing each specimen was thawed at
4 C (24 h) and cleaned of all soft tissues, except for the
ligamentous tissues and IVDs. The cranial and caudal
segment ends were fixed in neutral orientation in two metal
cups, using an alloy with a low melting point (cerro-
low147, consisting of 48 % bismuth, 25.6 % lead, 12.8 %
tin, 9.5 % cadmium, 4 % indium; Cerro Metal Products
Co., Bellefonte, PA, USA). During preparation and testing,
the specimens were kept moist by regularly spraying them
with saline solution (0.9 % NaCl). The fixed spinal speci-
mens were inserted into a four-point bending device [13].
Load was applied with hydraulic materials testing machine
(Instron Model 8872, Instron Corporation IST, Toronto,
ON, Canada) attached to the four-point bending device.
L-shaped flags, each containing three light-emitting diodes
(LEDs), were attached to the ventral side of each vertebral
body (L1, L2, and L3 in T13–L5 specimens; L6, L7, and
S1 in the L5–Cd1 specimens). The movement of each LED
was recorded with an optoelectronic 3D movement regis-
tration system (resolution: 0.02 mm) with one array of
three cameras (Optotrak 3020, Northern Digital Inc,
Waterloo, Ontario, Canada). The sampling rate for both the
load and the displacement measurements was 50 samples/s.
Each specimen was deformed at a constant displacement
rate of 1.0/s and was subjected to a cyclic bending
moment (back and forth from -2 to ?2 Nm; a bending
moment of 2 Nm was determined to result in physiological
displacement of the tested canine specimens), applied in
the region of T13 to L5 or L5 to Cd1. Specimens were
tested in the following sequence: (1) flexion/extension
(FE), (2) lateral bending (LB), (3) axial rotation (AR);
specimens were subjected to three loading cycles per
motion direction.
Testing steps
Each specimen was tested in the native state and after
surgery. In the T13–L5 specimens, surgery was performed
on the L2–L3 IVD. Via a left lateral approach, a small,
transverse stab incision was made into the middle of the
IVD with a #11 surgical blade. All NP material was
removed (nucleotomy) through the annular incision, using
a ball-tipped probe and grasping forceps. The L1–L2 IVD
was left intact and served as a control. In the L5–Cd1
specimens, surgery was performed on the lumbosacral
(L7–S1) junction via a dorsal approach. The dorsal verte-
bral arch was removed [dorsal laminectomy; Fig. 1a)] as
Eur Spine J (2012) 21:1692–1699 1693
123
described previously [13], leaving the articular facets
intact. Subsequently, nucleotomy of the L7–S1 IVD was
performed as described for the L2–L3 IVD, but through a
dorsal annular incision (Fig. 1b). The L6–L7 IVD was left
intact and served as a control. The structural composition
of all surgically removed NPs was examined macroscopi-
cally. The NP taken from the NCD discs was gel-like,
similar to the NP seen in Thompson grade I IVDs, whereas
the NP from the CD discs had a fibrocartilaginous
appearance, similar to the NP seen in Thompson grade II
IVDs (Fig. 2) [14].
Data analysis
Angular displacement of the L1–L2, L2–L3 (T13–L5
specimens) and of the L6–L7, L7–S1 (L5–Cd1 specimens)
intervertebral junctions was calculated using the spatial
measurements obtained by means of the LED markers,
collected with the Optotrak system. Only the data obtained
during the third loading cycle of each motion series were
analyzed. The following parameters were calculated before
and after surgery: Range of motion (ROM), the range of
angular displacement between minimum (-2 Nm) and
maximum (?2 Nm) applied moments [15]; Neutral zone
(NZ), the range over which the specimen moves essentially
free of applied loading; NZ was determined by calculating
the angular displacement found between -0.1 and
?0.1 Nm of applied moment; Neutral zone stiffness
(NZS), the quotient of loading and angular displacement in
the NZ. NZS was calculated from the upward slope of the
load–displacement curve. The ROM, NZ, and NZS were
calculated for FE (ROMFE, NZFE, NZSFE), LB (ROMLB,
NZLB, NZSLB), and AR (ROMAR, NZAR, NZSAR).
Statistics
Statistical analyses were performed using R statistical
software [16]. The parameters ROM, NZ, NZS were ana-
lyzed using a linear mixed model containing both fixed and
random effects [17]. The Akaike information criterion
(AIC) was used for model selection. The factors incorpo-
rated in the fixed part were ‘motion direction’ (FE, LB,
AR), ‘condition’ (native spine, operated spine),‘dog type’
(NCD, CD), and the 2- and 3-way interactions between
Fig. 1 Dorsal view of the L7–S1 segment from a non-chondrody-
strophic spine after dorsal laminectomy, showing the laminectomy
defect (arrows) and the incision in the dorsal annulus fibrosus
(arrowhead) (a). The mucoid nucleus pulposus (arrowhead) was
removed (nucleotomy) from the nuclear cavity using a ball-tipped
probe (b)
Fig. 2 Transverse section of an L2–L3 intervertebral disc obtained from a 2-year-old non-chondrodystrophic dog (a) and a 2-year-old
chondrodystrophic (b) dog, showing the central nucleus pulposus (NP) (asterisk) and the outer annulus fibrosus (arrowhead)
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these factors. A random intercept for ‘dog’ (18 spinal
segments) was added to take the correlation within each
dog into account. Normal distribution of the response
variables within each model was assessed with PP and QQ
plots. In the case of significant interactions between fac-
tors, post hoc T tests were used to calculate the P values for
specific effects of interest. The Benjamini and Hochberg
False Discovery Rate procedure was used to correct for
multiple testing [18]. P \ 0.05 was considered statistically
significant.
Results
The biomechanics of the native spine at different levels
was markedly different in both the NCD and CD spines: in
both groups, the L7–S1 spinal segment had the highest
ROMFE, approximately three times higher than that of L1–
L2, L2–L3, and L6–L7 (Table 1). The highest ROMLB was
found at L2–L3, followed by L1–L2, L6–L7, and L7–S1.
The ROMAR was relatively small at all spinal levels and
showed little variation between segment levels, but was
highest at L7–S1. A similar but more pronounced inter-
segmental pattern was found for the NZ. The NZS showed
a similar, but opposite, pattern compared with that of the
ROM and NZ.
No significant differences were found between the
native state and the operated state for the control segments
L1–L2 and L6–L7 in both groups (data not shown); how-
ever, the ROM, NZ, and NZS were markedly different in
the spinal segments L2–L3 and L7–S1, which had under-
gone nucleotomy (Table 2). Nucleotomy at L2–L3 signif-
icantly increased the ROMFE, ROMLB, and ROMAR to a
similar extent in NCD and CD spines (Figs. 3, 4). Nucle-
otomy significantly increased the NZFE, NZLB, and NZAR,
and significantly decreased the NZSFE, NZSLB, and
NZSAR, with a significantly larger increase in NZ and
significantly larger decrease in NZS in the CD spines than
in the NCD spines in all directions of motion.
Dorsal laminectomy and nucleotomy of L7–S1 signifi-
cantly increased the ROMFE, ROMLB, and ROMAR, with a
significantly larger increase in the NCD spines than in the
CD spines in all directions of motion. Surgery resulted in a
significant increase in NZFE, NZLB, and NZAR, with no
Table 1 Parameter values of non-chondrodystrophic and chondrodystrophic spines
ROM NZ NZS
NCD CD NCD CD NCD CD
FE
L1–L2 10.1 ± 1.72 11.9 ± 1.41 1.41 ± 0.38 1.47 ± 0.42 0.23 ± 0.08 0.15 ± 0.04
L2–L3 9.80 ± 1.72 11.4 ± 1.31 1.59 ± 0.47 1.45 ± 0.52 0.21 ± 0.07 0.16 ± 0.06
L2–L3* 13.0 ± 2.85 14.0 ± 1.78 5.51 ± 1.77 5.93 ± 1.41 0.05 ± 0.03 0.03 ± 0.01
L6–L7 13.7 ± 2.71 14.4 ± 2.64 2.04 ± 0.37 1.89 ± 0.56 0.14 ± 0.02 0.12 ± 0.07
L7–S1 33.6 ± 3.36 38.2 ± 4.07 9.25 ± 2.14 9.93 ± 3.88 0.03 ± 0.01 0.02 ± 0.01
L7–S1* 43.4 ± 3.50 44.8 ± 6.58 21.2 ± 3.83 16.8 ± 3.93 0.01 ± 0.01 0.01 ± 0.01
LB
L1–L2 15.3 ± 2.18 17.6 ± 1.36 4.07 ± 1.17 3.39 ± 0.57 0.08 ± 0.04 0.06 ± 0.01
L2–L3 21.2 ± 2.77 17.7 ± 2.15 6.59 ± 1.19 3.69 ± 0.89 0.04 ± 0.01 0.06 ± 0.01
L2–L3* 23.5 ± 2.30 22.9 ± 3.60 12.9 ± 2.92 10.3 ± 2.74 0.02 ± 0.01 0.02 ± 0.01
L6–L7 10.6 ± 3.69 9.93 ± 3.38 1.82 ± 0.37 1.20 ± 0.53 0.16 ± 0.04 0.19 ± 0.07
L7–S1 8.10 ± 1.16 10.6 ± 1.66 1.02 ± 0.37 1.36 ± 0.47 0.35 ± 0.15 0.17 ± 0.07
L7–S1* 10.3 ± 1.25 12.2 ± 2.78 3.74 ± 1.03 3.66 ± 1.84 0.07 ± 0.02 0.06 ± 0.03
AR
L1–L2 0.70 ± 0.14 1.28 ± 0.45 0.07 ± 0.04 0.07 ± 0.07 7.61 ± 3.40 5.10 ± 4.51
L2–L3 0.92 ± 0.23 1.29 ± 0.34 0.08 ± 0.03 0.06 ± 0.05 5.37 ± 1.83 3.62 ± 1.23
L2–L3* 1.32 ± 0.40 2.12 ± 0.49 0.17 ± 0.07 0.24 ± 0.26 2.78 ± 1.45 1.39 ± 0.82
L6–L7 0.74 ± 0.38 1.28 ± 0.52 0.07 ± 0.07 0.07 ± 0.03 8.25 ± 3.70 4.27 ± 3.63
L7–S1 1.05 ± 0.55 1.81 ± 0.60 0.11 ± 0.06 0.10 ± 0.08 4.67 ± 2.00 2.56 ± 1.61
L7–S1* 2.56 ± 0.88 3.00 ± 0.87 0.35 ± 0.18 0.24 ± 0.10 1.35 ± 0.74 1.01 ± 0.46
Mean ± SD for the parameters range of motion (ROM; degrees), neutral zone (NZ; degrees), and neutral zone stiffness (NZS; Nm/degree) for
flexion/extension (FE), lateral bending (LB), and axial rotation (AR) for L1–L2, L2–L3, L6–L7, and L7–S1 of native non-chondrodystrophic
(NCD) and chondrodystrophic (CD) spines. L2–L3* (nucleotomy) and L7–S1* (dorsal laminectomy and nucleotomy) depict the parameter
values after spinal surgery
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significant differences between the NCD and CD spines.
Dorsal laminectomy and nucleotomy significantly
decreased the NZSFE, NZSLB, and NZSAR, with a signifi-
cantly larger decrease in the NCD spines than in the CD
spines in all directions of motion.
Discussion
The biomechanical properties of two types of dog spines,
which differed regarding the state of IVD degeneration,
were investigated in the native state and after decompressive
surgery. The dog offers an interesting model to study the
effects of IVD degeneration, with the CD and NCD dogs
showing early and late spontaneous degeneration, respec-
tively. The tested specimens were subjected to a cyclic
bending moment of -2 to 2 Nm. Although this bending
moment is considerably smaller than the moment applied
when biomechanically testing human lumbar spinal speci-
mens (±7.5 Nm [15]), this applied moment was assessed to
be physiological for the relatively small canine specimens.
Using the bending moment of -2 to 2 Nm, the specimens
were moved over their complete physiological range of
motion without being damaged. In both the NCD and CD
spines, the caudal lumbar segments, especially L7–S1, were
most mobile in FE, whereas the cranial lumbar segments
were more mobile in LB; all segments were relatively stiff in
AR, with L7–S1 being the most mobile. It is not possible to
directly compare our data for dog spines with those for
human spines because of differences in test set-up. However,
several similarities and differences can be observed. One
notable difference is that normal dog spines have 7 lumbar
vertebrae, whereas normal human spines only have 5. The
intersegment differences in FE, LB, and AR found in the
present study are also seen in the human spine. The absolute
mobility of the L1–L2 and L2–L3 segments in FE appears to
be comparable in canine and human spines, whereas the
canine spine is more mobile in LB. The mobility of the L6–
L7 segment in FE and LB in dogs is comparable to that of the
L4–L5 segment in humans. Although the mobility of the L7–
S1 segment in dogs in LB is similar to that of the L5–S1
segment in humans, it is considerably more mobile in FE; in
addition, the canine lumbar spine is considerably stiffer than
the human spine in AR [19]. All in all, the canine lumbar
spine resembles the human spine biomechanically, but
caution is warranted regarding the absolute mobility of the
individual spinal segments.
When using the dog as a model for spinal research, both
CD and NCD dogs have their specific qualities. CD dogs
show degeneration of all IVDs before 2 years of age,
allowing biomechanical research into the degenerated IVD
and novel strategies for treating the degenerated IVD [5, 8, 9].
In NCD dogs, IVDs remain healthy and rich in notochordal
cells until late in life [5, 8–10]. Therefore, NCD dogs allow
biomechanical research into the healthy, notochordal cell-rich
IVD.
Table 2 Statistical analyses results
L2–L3 L7–S1
ROM NZ NZS ROM NZ NZS
Condition \0.001 \0.001 \0.001 \0.001 \0.001 \0.001
Dog type \0.001 0.001 0.003 \0.001 \0.001 \0.001
MD \0.001 \0.001 \0.001 \0.001 \0.001 \0.001
Condition 9 dog type 0.120 0.017 0.043 0.002 0.447 0.004
Condition 9 MD \0.001 0.047 0.106 \0.001 0.038 0.004
Condition 9 dog type x MD 0.1161 0.087 0.293 0.2954 0.353 0.584
Condition per MD
FE \0.001 \0.001 \0.001 \0.001 \0.001 \0.001
LB \0.001 \0.001 \0.001 \0.001 \0.001 \0.001
AR \0.001 \0.001 \0.001 \0.001 0.001 \0.001
Condition per dog type
NCD – \0.001 \0.001 \0.001^ – \0.001^
CD – \0.001# \0.001# \0.001 – \0.001
P values for range of motion (ROM), neutral zone (NZ), and neutral zone stiffness (NZS) for the factors ‘condition’ (native or operated), ‘dog
type’ (non-chondrodystrophic (NCD) and chondrodystrophic (CD) dogs), ‘motion direction (MD)’ [flexion/extension (FE), lateral bending (LB),
and axial rotation (AR)], and their interactions in L2–L3 and L7–S1. In case of significant interactions, P values for condition per MD and
condition per dog type were calculated. P \ 0.05 was considered statistically significant
# Significantly higher effect of the factor condition in CD spines compared with NCD spines
^ Significantly higher effect of the factor condition in NCD spines compared with CD spines
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In the present study, the NP of all NCD spines was
gelatinous (Thompson grade I), whereas the NP of all CD
spines was fibrocartilaginous (Thompson grade II). In the
human spine, an increasing grade of IVD degeneration is
associated with an increase in segmental ROM, especially
in AR [20, 21]. Therefore, comparison of the native spine
from CD dogs and NCD dogs could provide novel insights
into the effects of IVD degeneration and could be used to
assess the validity of the dog as a model of spontaneous
IVD degeneration. We initially aimed to make this com-
parison, using a correction factor for size differences
between the NCD and CD dogs based on the transverse
area and height of the IVDs in both types of dog. This
analysis indicated that the degenerated CD spine exhibited
a larger ROM in AR (in line with human studies [20, 21])
and that the NCD, notochordal cell-rich IVD exhibited a
larger NZ (data not shown). However, comparison of the
NCD spine with the smaller CD spine, using such a
correction factor, is problematic because of the non-linearity
of the load–displacement behavior of the spines, and dif-
ferences in the geometry of the facet joints and other spinal
structures between the two types of dog. We, therefore,
focused on the effects of decompressive surgery on the
biomechanical properties of NCD and CD spines, using
each spine as an intrinsic control. Decompressive surgery
resulted in an increased ROM and NZ, and decreased NZS
in all directions of motion in both groups of dogs, as has
been reported in humans [12, 22]. However, nucleotomy of
L2–L3 resulted in a significantly larger increase in NZ and
decrease in NZS in FE, LB, and AR in the CD spines than
in the NCD spines, whereas dorsal laminectomy and
nucleotomy of L7–S1 resulted in relatively greater increases
in the ROM and greater decreases in NZS in FE, LB, and
AR in the NCD spines than in the CD spines. These dif-
ferences indicate that there are substantial biomechanical
differences between NCD and CD spines. Apart from dif-
ferences in the state of IVD degeneration, these differences
may be caused by differences in the size/weight of the
types of dog, IVD height and size relative to the size of the
dog, the facet joint orientation and conformation, and other
spinal characteristics [23]. These differences require fur-
ther investigation.
The present study had some limitations. Although the
Beagle dog and mongrel dog spines were of the CD and
Fig. 3 Representative load–displacement curves for non-chondrody-
strophic (NCD) and chondrodystrophic (CD) spines in flexion/
extension, lateral bending, and axial rotation for the L2–L3 and
L7–S1 spinal segment in the native state and after nucleotomy (L2–
L3) or dorsal laminectomy and nucleotomy (L7–S1). Only the third
loading cycles are displayed
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NCD types, respectively, they represent one group/breed of
dogs. Therefore, because several other dog breeds can be
classified as NCD or CD, the data obtained cannot be
generalized to all NCD and CD dogs.
In conclusion, the biomechanics of the native canine spine
differs by spinal level, and in both NCD and CD dogs spinal
surgery results in a significant decrease in stiffness similar to
that seen in the human spine after decompressive surgery. In
view of using the dog as a model for biomechanical research of
the spine, NCD dogs can serve as an appropriate model for
studying the healthy, notochordal cell-rich IVD, while CD
dogs are appropriate for studying degenerated IVDs. Spinal
biomechanics and the effects of spinal surgery significantly
differ between NCD and CD dogs as a result of existing IVD
degeneration in CD dogs. This knowledge should be taken
into account when using the dog as a model for spinal research.
Acknowledgments The authors would like to thank Mr. Hans
Vernooij (Utrecht University) for statistical analysis, Ms. Jane Sykes
for language corrections, and the Multimedia Department of the
Faculty of Veterinary Medicine, Utrecht University, for technical
assistance.
Conflict of interest None.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
1. Andersson GB (1999) Epidemiological features of chronic low-
back pain. Lancet 354(9178):581–585 (S0140-6736(99)01312-4)
2. Druss BG, Marcus SC, Olfson M, Pincus HA (2002) The most
expensive medical conditions in America. Health Aff (Millwood)
21(4):105–111
3. Luoma K, Riihimaki H, Luukkonen R, Raininko R, Viikari-
Juntura E, Lamminen A (2000) Low back pain in relation to
lumbar disc degeneration. Spine (Phila Pa 1976) 25(4):487–492
4. Adams MA, Roughley PJ (2006) What is intervertebral disc
degeneration, and what causes it? Spine (Philadelphia, Pa 1976)
31(18):2151–2161. doi:10.1097/01.brs.0000231761.73859.2c
5. Bergknut N, Rutges JP, Kranenburg HJ, Smolders LA, Hagman
R, Smidt HJ, Lagerstedt AS, Voorhout G, Hazewinkel HH,
Grinwis GC, Creemers LB, Meij BP, Dhert WJ (2011) The dog as
an animal model for intervertebral disc degeneration? Spine
(Phila Pa 1976). doi:10.1097/BRS.0b013e31821e5665
6. Ganey T, Hutton WC, Moseley T, Hedrick M, Meisel HJ (2009)
Intervertebral disc repair using adipose tissue-derived stem and
Fig. 4 Mean ± SD of the range of motion (ROM), neutral zone
(NZ), and neutral zone stiffness (NZS) of the segments L2–L3
(nucleotomy) and L7–S1 (dorsal laminectomy and nucleotomy) in
flexion/extension (FE), lateral bending (LB), and axial rotation (AR)
for the native state and after surgery in spines from non-
chondrodystrophic (NCD) dogs and chondrodystrophic (CD) dogs.
The left vertical axes apply to FE and LB, and the right one to AR
(indicated by dashed line). * Indicates significant (P \ 0.05) effect of
surgery; # and ^ indicate significantly greater effect of surgery on CD
and NCD spines, respectively
1698 Eur Spine J (2012) 21:1692–1699
123
regenerative cells: experiments in a canine model. Spine (Phila
Pa 1976) 34(21):2297–2304. doi:10.1097/BRS.0b013e3181a54157
7. Smith GK, Walter MC (1988) Spinal decompressive procedures
and dorsal compartment injuries: comparative biomechanical
study in canine cadavers. Am J Vet Res 49(2):266–273
8. Hansen HJ (1952) A pathologic-anatomical study on disc
degeneration in dog, with special reference to the so-called
enchondrosis intervertebralis. Acta Orthop Scand Suppl 11:1–117
9. Bray JP, Burbidge HM (1998) The canine intervertebral disk. Part
Two: Degenerative changes—nonchondrodystrophoid versus
chondrodystrophoid disks. J Am Anim Hosp Assoc 34(2):135–144
10. Cappello R, Bird JL, Pfeiffer D, Bayliss MT, Dudhia J (2006)
Notochordal cell produce and assemble extracellular matrix in a
distinct manner, which may be responsible for the maintenance of
healthy nucleus pulposus. Spine (Phila Pa 1976) 31(8):873–883.
doi:10.1097/01.brs.0000209302.00820.fd
11. Gibson JN, Waddell G (2007) Surgical interventions for lumbar
disc prolapse: updated Cochrane Review. Spine (Phila Pa 1976)
32(16):1735–1747. doi:10.1097/BRS.0b013e3180bc2431
12. Goel VK, Nishiyama K, Weinstein JN, Liu YK (1986) Mechanical
properties of lumbar spinal motion segments as affected by partial
disc removal. Spine (Phila Pa 1976) 11(10):1008–1012
13. Meij BP, Suwankong N, Van der Veen AJ, Hazewinkel HA
(2007) Biomechanical flexion-extension forces in normal canine
lumbosacral cadaver specimens before and after dorsal laminec-
tomy–discectomy and pedicle screw–rod fixation. Vet Surg
36(8):742–751. doi:10.1111/j.1532-950X.2007.00331.x
14. Thompson JP, Pearce RH, Schechter MT, Adams ME, Tsang IK,
Bishop PB (1990) Preliminary evaluation of a scheme for grading
the gross morphology of the human intervertebral disc. Spine
(Phila Pa 1976) 15(5):411–415
15. Wilke HJ, Wenger K, Claes L (1998) Testing criteria for spinal
implants: recommendations for the standardization of in vitro
stability testing of spinal implants. Eur Spine J 7(2):148–154
16. R Developmental Core Team (2010) R: A language and envi-
ronment for statistical computing. R Foundation for Statistical
Computing, Vienna
17. Pinheiro J, Bates D, DebRoy S, D. S (2009) nlme: linear and
nonlinear mixed effects models. R package version 3:1–96
18. Benjamini Y, Hochberg Y (1995) Controlling the false discovery
rate: a practical and powerful approach to multiple testing. J Roy
Stat Soc B 57:289–300
19. Panjabi MM, Oxland TR, Yamamoto I, Crisco JJ (1994)
Mechanical behavior of the human lumbar and lumbosacral spine
as shown by three-dimensional load–displacement curves. J Bone
Joint Surg Am 76(3):413–424
20. Fujiwara A, Lim TH, An HS, Tanaka N, Jeon CH, Andersson
GB, Haughton VM (2000) The effect of disc degeneration and
facet joint osteoarthritis on the segmental flexibility of the lumbar
spine. Spine (Phila Pa 1976) 25(23):3036–3044
21. Tanaka N, An HS, Lim TH, Fujiwara A, Jeon CH, Haughton VM
(2001) The relationship between disc degeneration and flexibility of
the lumbar spine. Spine J 1(1):47–56 (S1529-9430(01)00006-7)
22. Strauss PJ, Novotny JE, Wilder DG, Grobler LJ, Pope MH (1994)
Multidirectional stability of the Graf system. Spine (Phila Pa
1976) 19(8):965–972
23. Benninger MI, Seiler GS, Robinson LE, Ferguson SJ, Bonel HM,
Busato AR, Lang J (2006) Effects of anatomic conformation on
three-dimensional motion of the caudal lumbar and lumbosacral
portions of the vertebral column of dogs. Am J Vet Res
67(1):43–50
Eur Spine J (2012) 21:1692–1699 1699
123
